Washed suspensions and particulate fractions of Pseudonzouas aeruginosa PAC I incorporated radioactivity from [ ~-l~C]decanoic acid into bound 3-hydroxydecanoate, and from [ ~-l~C]dodecanoate into bound 2-and 3-hydroxydodecanoate, Washed suspensions incorporated [ r -14C]acetate into all three hydroxyacids, which are components of Lipid A in this organism. Degradation studies suggested that 2-hydroxydodecanoate was synthesized by direct hydroxylation of dodecanoate. Coenzyme A was required for synthesis of both 2-and 3-hydroxydodecanoates, synthesis of the former being stimulated by pyridine nucleotide coenzymes. Coenzyme A could not be replaced by acyl carrier protein which inhibited synthesis, but it was not required if [~-~~C]dodecanoyl Coenzyme A was used as substrate. The hydroxyacids appeared to be incorporated into fipopolysaccharide since the radioactivity incorporated was extracted by hot 45 % phenol and labelled hydroxyacids were then released only after acid or alkali hydrolysis.
In the Enterobacteriaceae this is /?-hydroxymyristic acid (3-OH 14:o). We found this acid was missing from Pseudomonas aeruginosa PAC I where it was replaced by P-hydroxylauric acid (3-OH 12:o) (Hancock & Meadow, 1967) and Fensom & Gray (1969) showed the Lipid A of another strain of P. aeruginosa 1999 was similar. Two other hydroxyacids, 3-OH I O : O and 2-OH 12:o were also present in the Lipid A of PACI (Hancock et al. 1970 ). These three long chain hydroxyacids are not components of any of the extractable lipids in P. aeruginosa PACI (Hancock & Meadow, 1969) and the 2-OH acid is not a normal intermediate in fatty acid synthesis or degradation. It seemed possible that there might be specific enzymes for the synthesis of the fatty acid components of Lipid A and that the hydroxyacids might act as markers for studying its synthesis. This work was started to study hydroxyacid synthesis and hence to learn something of the synthesis of Lipid A itself. A preliminary account of some of it has been presented (Hancock, Humphreys & Meadow 1969) . METHODS Organism and media. Pseudomonas aeruginosa PACI formerly known as 8602 (Brown & Clarke, 1972) was grown in complex or minimal medium at 37 "C as described by Clarkson & Meadow (1971) .
Extraction and characterization of hydroxyacids. Loosely-bound lipids were extracted from centrifuge-packed bacteria by chloroform-methanol (Folch, Lees & Sloane-Stanley, 1957 ) and from bacterial suspensions by the method of Bligh & Dyer (1959) . Tightly bound lipids were released from the residue and from isolated lipopolysaccharide by hydrolysis with 6 N-HCl (105 "C, 4 h). The residue was extracted with diethyl ether (4 x 5 ml) and light petroleum (b.p. 40 to 60 "C, 2 x 5 ml) and the combined extracts evaporated to dryness on a rotary evaporator.
Two methods were used to separate the polar from the non-polar fatty acids. The free acids were dissolved in chloroform-hexane (I : I ) and separated on silicic acid columns (8 x 0.5 cm) previously washed with chloroform-hexane from which the non-polar acids were eluted with chloroform-hexane (10 ml) and the polar acids with methanol (10 ml) under N, pressure (5 lb/in2). After evaporation to dryness, the column fractions were methylated in H,SO, (5 ml, 5 % in methanol, 60 "C, 3 h) and analysed by gas-liquid chromatography (Hancock & Meadow, 1969) . There were no hydroxyacids in the chloroformhexane fractions but some non-polar acids remained in the methanol fractions. Alternatively the fatty acids were methylated before separation by thin-layer chromatography into polar and non-polar fractions (Hancock et al. 1970) .
The methyl esters of the hydroxyacids (approx. I mg) were acetylated by dissolving in acetic anhydride (I ml) and heating (roo "C, I h) with anhydrous sodium acetate (5 mg). After cooling, distilled water ( I ml) was added and then NaOH (40 %, w/v) dropwise until the solution was alkaline. The acetylated methyl esters were extracted into light petroleum (3 x 5 ml) and identified by thin-layer chromatography as before.
Radioactive counting methods. A Beckmann LS 22 liquid scintillation counter was used for liquid samples and for samples adsorbed on silica gel. Aqueous samples (0.5 ml or less) were counted in scintillation fluid (15 ml BBOT scintillator (Ciba Ltd, Duxford, Cambridgeshire), 4 g/1 in toluene-methanol, I : I). For non-aqueous samples and samples adsorbed on silica gel, methanol was omitted from the scintillation fluid. A thixotropic gel (Cab-0-Sil, Koch-Light Laboratories, Colnbrook, Buckinghamshire) was added to suspend the silica.
Gas-liquid radiochromatography on columns of diethylene glycol succinate (DEGS) and Lipid A Aydroxy acids in P. aeruginosa 223 polyethylene glycol adipate (PEGA) (both 10 %, w/w, on gas chrom P support) was done in a Pye apparatus modified as described by James & Piper (1963) . This allowed differential counting of 2-and 3-OH 12:o, but the sensitivity was less than 10 % because of the small volume of the counting tube relative to the flow rate of the carrier gas. Thin-layer chromatography plates were counted in a Tracerlab 277 scanner with an efficiency for 14C of about 14 %.
The position of 14C in 2-OH 12:o was determined by decarboxylation with permanganate in glacial acetic acid (James & Hitchcock, 1965) . The reaction was done in flasks (25 ml) with centre wells containing I M-hyamine (0.5 ml) to absorb CO,. At the end of the reaction the hyamine was removed and, together with methanol washings from the centre well, concentrated to 0.5 ml before counting.
Radioactit)e substrates. [ Goldman & Vagelos (1961) . The reaction was judged complete when there was no further disappearance of -SH groups. The Coenzyme A ester was isolated after precipitation with perchloric acid and the purity of the product measured by its extinction at 232 and 260 nm and by hydroxamate formation (Morgan & Kingsbury, 1959) . The product was dissolved and reprecipitated until the extinction and hydroxamate assays agreed.
Other chemicals. 2-Hydroxydodecanoic acid was obtained from Eastman Kodak, Kirkby Estate, Liverpool. The Reformatsky reaction (Vogel, 1964 ) was used to synthesize 3-hydroxydecanoic acid and 3-hydroxydodecanoic acids from ethyl bromacetate with decaldehyde and octaldehyde respectively. The purity of the products was checked by thin-layer and gasliquid chromatography of their methyl esters.
Estimations. Protein was measured by the method of Lowry, Rosebrough, Farr & Randall Preparation of bacterial fractions. After harvesting, the bacteria were resuspended in about I % of their original volume in tris-HC1 buffer (0.1 M, pH 7.2) and broken at 12000 lb/ in2 in an Aminco Pressure cell. The extracts were diluted twofold with buffer to decrease their viscosity before centrifugation at 25000 g (30 min, 4 "C). The supernatant fluid was removed and spun at 105000g (3 h, 4 "C). The pellet from this centrifugation was used as the membrane fraction and the supernatant fluid as the supernatant fraction. The pellet from the 25000g centrifugation was resuspended in the original volume of tris buffer and centrifuged at 6000g (15 min) to remove unbroken bacteria. The supernatant fluid was centrifuged again at 25ooog (30 min) and the resulting pellet used as the wall fraction. All fractions were resuspended to give approximately 1 o mg protein/ml. Lipopolysaccharide was extracted from the wall fraction by the phenol-water method as modified by Key et al. (1970) . Acyl carrier protein preparations were heat-treated supernatant fluids (Essenberg, I 97 I) .
Experiments with washed suspensions. After harvesting, the bacteria were resuspended in 5 % of their culture volume of fresh medium in conical flasks (25 ml/250 ml). The radioactive substrates ( I to 5 pCi) were added and the suspensions incubated with shaking at 37 "C. The bacteria were harvested by centrifugation at 170009 (10 min, 4 "C) and samples removal of extractable lipids the bacterial residue was hydrolysed to release the bound lipids and the free fatty acids were extracted as described earlier. The dried fatty acids were methylated, separated by thin-layer chromatography and identified and counted as previously described.
Experiments with broken preparations of bacteria. The fractions, prepared as described above, were incubated in 25 ml conical flasks with I pCi substrate and further additions as described in Results in a total volume of 2 ml. The reaction was stopped by the addition of 12 N-HCI ( 2 ml) and the stoppered flasks heated at IOO "C (4 h) to release bound fatty acids. After cooling, water (5 ml) was added and the free fatty acids extracted into diethyl ether (4 x 5 ml). After removal of the ether by rotary evaporation the residue was dissolved in chloroform-hexane (I : I) and portions (20 pl) taken for counting. The fatty acids were separated by column chromatography and methylated and counted as before.
R E S U L T S
Washed suspensions of Pseudomonas aeruginosa PACI incorporated 14C from [ 1-14C]dodecanoate into both extractable and bound lipid fractions. The bulk of the lipid components (comprising 15 % of the dry weight of the organism) is extractable by the Folch procedure (Hancock & Meadow, 1969) and had to be removed to study incorporation into bound lipids. In this strain the lipopolysaccharide makes up less than 10 % of the dry weight (Hancock et al. 1970) and of this only 12 % by weight is represented by fatty acids (Fensom & Meadow, 1970) . The major fatty acids of the Iipopolysaccharide are different from those of the Folch extractable lipids, but the presence of I 2 : o in both fractions make it impossible to study incorporation of labelled 12 : o directly into bound lipids without prior separation. It was also important to establish that the fatty acids released by acid hydrolysis of the residue after Folch extraction (bound lipids) were both qualitatively and quantitatively indistinguishable from those of the lipopolysaccharide. The bound lipid and lipopolysaccharide components were very similar, and different from the extractable lipids which contained no hydroxyacids (Table I) . Incorporation into bound lipids was used to measure incorporation into lipopolysaccharide in the rest of this work. The methyl esters of the bound lipid fraction separated by thin-layer chromatography into two radioactive bands, one corresponding to the non-polar acids and the other to the hydroxyacid region. Iodine staining and autoradiography showed that the slower moving component consisted of two bands which by comparison with markers appeared to be 2-OH I 2 : o and 3-OH I 2 : 0. Attempts to improve the resolution of these two acids by using different scanning speeds for the radioactivity detector, or by using silica gel plates impregnated with copper sulphate, silver nitrate or boric acid were not successful. They could be assayed separately by using gas-liquid radiochromatography provided the bulk of the nonpolar acids, including unbound substrate, had been removed by silicic acid column chromatography of the free fatty acids.
The radioactive hydroxyacids formed were characterized by the behaviour of their methyl esters on thin layer and silicic acid column chromatography, gas-liquid radiochromatography on PEGA and DEGS columns and by the behaviour of their 0-acetyl derivatives on thin-layer chromatography. By all these criteria the only hydroxyacids formed from [ ~-~~C]dodecanoic acid were 2-and 3-OH I 2 : 0.
Experiments with washed suspensions. After incubating washed suspensions of logarithmicphase bacteria, with [1J4C]acetate, [ r -14C]decanoate or [~-~*C]dodecanoate, radioactivity was found in both the 2-and 3-OH acid fractions ( Table 2 ). If the bacteria were boiled before adding the precursors no labelled hydroxyacids were detected. Although the amounts incorporated into the hydroxyacids were small they were reproducible and showed interesting differences in the relative specific activities of the 2-and 3-OH acids according to the source of label. With 1J4C 12:o the ratio of the specific activities of these two acids was approximately I (0.99, 0.95 and 0.89 in three separate experiments) whereas with acetate or decanoate as precursors, the specific activity of the 2-OH acid was lower than that of the 3-OH acid (ratios of 0.77,0.69 and 0-76 for decanoate). This suggested that the 2-and 3-OH acids might be synthezised by direct hydroxylation of the long chain precursors of the same chain length. Attempts to increase the level of incorporation into the hydroxyacids by growing the bacteria in different media and for different lengths of time before harvesting, altered the proportion of counts taken up by the bacteria, but had little effect on the amount incorporated into the hydroxyacid fraction. Using shorter incubation times, there was less catabolism of the radioactive precursor and after 5 min of incubation up to 80 % of the counts metabolized were incorporated into extractable and bound lipids. The major increase however was into the extractable lipid fraction and the incorporation into the 2-and 3-OH acid fractions was similar to that shown in Table 2 .
Labelling of 2-OH 12:o. The radioactive substrates used for these experiments were labelled in position I only. If they were being incorporated into bound hydroxyacids without prior breakdown, the hydroxyacids formed from I -14C I 2 : o or I -14C I o : o should be labelled only in the terminal carboxyl group, whereas hydroxyacids synthesized from acetate would be labelled in alternate carbon atoms. The 2-OH acids are readily decarboxylated by permanganate oxidation and the radioactive CO, released can be trapped by hyamine hydroxide. The radioactivity released by permanganate oxidation of 2-OH 12 : o was significantly greater when 1J4C 12:o was the source of the label than when [~-l~C]acetate was used ( Table 3) . 3-OH I 2 : o as identified by radioactive gas-liquid chromatography following removal the non-polar acids by silicic acid column chromatography.
of Both the wall and membrane fractions incorporated 14C into bound 2-OH 12 : o and 3-OH 1 2 : o but the level of incorporation was very low particularly for the former acid ( Table 4) . Combinations of these fractions with supernatant fractions were also tested but caused increased breakdown of the labelled precursor so that the incorporation into hydroxyacids was even lower. The wall fraction gave the most incorporation and the best reproducibility and was used for all further experiments. NADPH (2 mM) had been added sinct it seemed Table 4 . Incorporation into bound hydroxyacids of I4C from 1J4C I 2 : o by broken preparations of Pseudomonas aeruginosa Bacteria, grown in minimal medium+citrate for 6 h, were broken and fractionated as described in the Methods section. Each fraction (1.0 ml) was incubated (I h, 37 "C) with NADPH ( 2 mM), Coenzyme A ( I mM), ATP Naz+ (2.5 mM) and 1J4C IZ:O (62.5 p~, I pCi) in 2 ml. Lipid A hydroxy acids in P. aeruginosa 227 likely that the hydroxylation would require a pyridine nucleotide cofactor. When this cofactor was omitted or replaced with other pyridine nucleotide derivatives, synthesis of 3-OH I 2 : o was unchanged. Synthesis of the 2-OH acid decreased when pyridine nucleotide coenzymes were omitted but there seemed to be no specific requirement for a particular one. Synthesis of both the 2-and 3-OH acids required Coenzyme A and was inhibited by the further addition of crude acyl carrier protein prepared from either Escherichia coli or Pseudomonas aerriginosa PACI. Synthesis of 3-OH I 2 : o increased with increasing Coenzyme A concentration while that of 2-OH 12: o was inhibited at high concentrations of Coenzyme A. The different but absolute Coenzyme A requirements for synthesis of the 2-and 3-OH acids suggested that their synthesis might require the intermediate formation of the lauryl Coenzyme A ester before hydroxylation and incorporation into bound lipids. 1J4C 12 : o Coenzyme A was synthesized as described in Methods and found to replace lauric acid plus Coenzyme A in the synthesis of both the 2-and 3-hydroxylauric acids ( Table 5 ). It was slightly more active than lauric acid for the synthesis of 3-OH lauric acid and was used for subsequent experiments to bypass the thiokinase reaction. The concentration of 12 : o Coenzyme A required for the synthesis of the two hydroxyacids was about 2 0 0 ,~~ although more 3-OH acid than 2-OH derivative was synthesized (Fig. I) . Added pyridine nucleotides stimulated synthesis of the 2-OH acid but had little if any effect on synthesis of the 3-OH acid when I-14C 12:o Coenzyme A was used as substrate (Table 6) . 
DISCUSSION
These experiments suggest that lauryl Coenzyme A is an intermediate in the formation of the hydroxylauric acids of lipid A in Pseudomonas aeruginosa PACI. The amount synthesized was small but reproducible and may perhaps be limited by available acceptors. If the hydroxylation step occurs once the lauric acid has been transferred to its Lipid A acceptor then synthesis would only be detectable as new acceptors are formed (as suggested by Rothfield & Romeo, 1971) . Attempts to increase the incorporation by adding various heattreated bacterial fractions were not successful and it is possible that the acceptor and the transferring enzyme must be closely integrated for activity as in synthesis of the polysaccharide part of the lipopolysaccharide (Robbins & Wright 1971) .
Since acyl carrier protein derivatives have been shown to be active in complex lipid biosynthesis in a number of bacterial systems (Goldfine, 1966; Goldfine, Ailhaud & Vagelos, 1967) it was surprising to find that even with Coenzyme A this protein inhibited synthesis of bound hydroxyacids in Pseudomonas aeruginosa. However Essenberg (I 97 I) presented evidence for an inhibitor of fatty acid synthetase in acyl carrier protein preparations from P.Jluorescens and such an inhibitor could have been active in our crude preparations. Taylor & Heath (1969) synthesized the acyl carrier protein derivatives of 14C-labelled 3-OH acids as possible acyl donors for Lipid A biosynthesis in Escherichia coli and found that 10 to 25 % of the added radioactivity was incorporated into a particulate fraction. Most of the radioactivity (70 % of that incorporated) was chloroform-methanol soluble and proved to be 0-(2 acyl ~-glycerol-3-phosphoryl) ethanolamine. However they did not report any studies of the chloroform-methanol insoluble fractions and this could have included the bound hydroxyacids we found in P. aeruginosa. The metabolism of hydroxyacids in E. coli and pseudomonads must however be different because we found no evidence for incorporation of hydroxyacids into phospholipids. Although the bulk of the radioactivity was in the chloroform-methanol-extractable lipids from P. aeruginosa there were no hydroxyacids in this fraction.
LlTpid A hydroxy acids in P. aeruginosa 229
The effects of pyridine nucleotides on bound hydroxyacid synthesis are difficult to assess. The synthesis of 2-OH 12:o appeared to be stimulated by pyridine nucleotide coenzymes but not by any particular one. Pseudomonas aeruginosa has a very active transhydrogenase (Ragland, Kawasaki & Lowenstein, 1966) and it is possible that in the crude system used this enzyme would mask any preferences for pyridine nucleotide coenzymes. Coenzyme A was the only cofactor required for the synthesis of 3-OH 12:o and it is possible that the hydroxylation step is similar to that involved in the hydroxylation of 2-furoic acid by P. putida F2 (Trudgill, 1969; Griffin, Kitcher & Trudgill, 1971 ). In this system 2-furoyl Coenzyme A is an obligatory intermediate for the hydroxylase, which accepts oxygen from water and passes the electrons produced directly to a membrane acceptor and the terminal oxidation system. These experiments1were limited by the low incorporating activity of the system studied and the necessity for a multistage separation and characterization to assess activity in synthesizing two different hydroxyacids. The synthesis of bound hydroxyacids must involve at least a two-stage processhydroxylation and transfer to the Lipid A acceptor. Attempts to increase the activity of the system and to fractionate it further have not so far been successful and it would appear more profitable to study the synthesis of only one of the I 2 : o hydroxyacids. Preliminary studies suggest that Pseudonzonas alkaligenes B R I /~ synthesizes only one 12:o hydroxyacid from lauryl Coenzyme A and it is hoped that this will provide a system more amenable to investigation.
